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Effects of contact surface temperature on wear behaviour of

metal injection moulding 316L stainless steel
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Abstract

Metal injection moulding (MIM) technology is widely used to
fabricate small component with intricate shape such as electronic
parts, medical instruments and dental devices, etc. However,
sliding application of these MIM parts and the limitation of the
lubricant usage could cause severe wear. In the present
investigation, the effects of contact surface temperature on the
wear behaviour of MIM 316L stainless steel (2% and 6% porosity
by area) and wrought 316L were studied under dry sliding
conditions using pin-on-disc apparatus within a sliding speed
range of 0.2-2.0 m/s and an apparent contact pressure of 1 MPa.
The contact temperatures were determined using experiment data
and empirical calculations of flash and bulk heating at the
different sliding speeds. Worn surfaces and wear debris were
analysed by means of scaning electron microscope (SEM) and X-

ray Diffractometer (XRD). For the given conditions, the wear rate
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was controlled by delamination wear and the instantaneous
temperature at the sliding interface. The contact temperature rise
was due to the increasing of sliding speed, resulting in the
changes of sliding surface properties. The wear behaviour of
stainless steel 316L was characterized into two regimes. In the
range of low speed (0.2-0.6 m/s), as well as for contact
temperature in the range 140-220°C, the behaviour was
controlled by adhesion, which the wear rate was decreased when
the speed increased. On the other hand, in the range of high
sliding speed (0.6-2.0 m/s) or contact temperature in the range
220-450°C, the thermal softening caused the increasing wear
rate, resulting in abrasive mechanism. At the contact temperature
of 220°C or sliding speed of 0.6 m/s, the wear mechanism
changed from the adhesion-induced delamination wear to the
abrasive induced-delamination wear. The trend of the contact
surface temperature of MIM 316L with porosity of 6% was more
increase than that of MIM 316L with porosity of 2% in the high
speed range (0.6-2.0 m/s), resulting in the higher wear rate.
Furthermore, wrought 316L showed a better wear resistance than

MIM 316L because of its homogeneous microstructure and higher

hardness.

Keywords: metal injection moulding (MIM), 316L stainless steel,

wear, porosity, contact surface temperature
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Composition, wt. %

Material
Fe C Si Mn P S Ni Cr Mo Cu o
SUS 316L
Bal. 0.024 0.81 0.80 0.019 0.009 1253 1649 2.10 0.03 0.34
(ATMIX®) [13]
wrought 316L
Bal. 0.017 0282 1428 0.028 0.027 10.77 16.72 2.313 0.319 -
(AISI 316L)
@rﬁwﬁ 2 guiansmunmwiaznInavadnannat t¥afin MIM 316L uas wrought 316L
Material Tensile Strength Yield Strength Elongation Hardness Density
ateria
(MPa) (MPa) (%) (HV 10) (kg/m3)
98 (2% porosity)
MIM 316L 526 [13] 219 [13] 80 [13] ) 7.47
95 (6% porosity)
wrought 316L 250 (disc)
552 250 80 7.95
(AISI 316L) 140 (pin)
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WULUBYA MIM 316L (AUNWTH 2%) fvzozlon 2 km
wazANNSINTIOE (N) 0.2 mis WAz (1) 2.0 m/s

Eﬂ"?l 5 mwmm'éL?mmaumwmsﬁnma‘uaﬁuﬂﬂaau

WUUBYA MIM 316L (AT 2%) fiszuzlos 2 km

wazAITINTLaA (1) 0.2 mis Uas (1) 2.0 m/s

P o e ,
WNBNTIIRALNA INITANAITAUULEONTIATY  LABNITANATEN
anuFnalog 02 m/s uaz 2.0 mis WAIRUFANTINATAUDN
WU

i ldTensinlassaenanlasinaiia XRD LB

= & & o = & ' o
gnutansnuaidulassaondnvadlanein  laglinulasians
winvasaanlodlanclag dzdued Fsagdlddn nalanisfinwsa
wuusandatuldasnansldidonlanmmesauit

a ¢
4. 1D1TUHA

4.1 HANIENLVDIYWRYNAIFNAAG DN ANTINNITANNTD
3 A A o o A i

Unngmaninsnsuauasvasiniiauislusmeiafoni loalu
annzlSanTnsaauasinuangdinIsy LLa:mqmﬂ%mumaa
PR . R ;
NWHD Iﬂum'mLL@mmwaawﬂﬂﬂsswuagﬂumsmﬁsmLuJawaa

Aa o @ A4 o o go A o Al v
QN NRIFUNE FaFuRus UM sUasunlaInanunan iy
P a A A A &

JruyaleTususIRaamuluu AR aui Immﬂawgﬂmu
o o ' Y Aan o o A X A a
wasnuanwieu  dmaligunlfaudmAsiu  lefion
ﬁuﬁﬂmzé’uqamﬂ W maasuulssvesgunnil 307
v o a, A e
suraiiieng waztUROULURIANEDIUNTOIN LU ua UV 83
e af - & ode o o
FuLIEANTANRHANIU WWNFNHNFIII (real contact area) LIan
eI IFuRFunaIiIiaauTan Lazauian19nNTouIaIIReg
' o a = a P wn
AN ANITIMIENnTalReuudatenn  iiasnautifves
o & a ' i a & Aa v o & A &
'sa@y,l,a:wumvl,umw msami’]mmqmﬁgumauwmwﬂi:‘[wu
@aNT00NLULURNNITNT T u,a:msLﬁanl*’ﬁifaq"lﬁmm:auﬁu

o o A

izé’waaqmﬂqﬁﬁaauwamlﬁﬁa Waatuiemaasustainaln
o P
MIRNAIBVBIFANLAAT

q

LaL 99 NANNTO RN NUTILTIAN I

A =

a & a & PR oY o a
INATWUIIUAUNLRN 9 "IJQGFJ’PJ@’IE:N‘NVI,&Iﬁ']ll’]iﬂ’)(ﬂvl,ﬂ’ﬂlid 1%

muﬁuﬁﬁaSwaﬁamiﬁﬂmmqmmﬁﬂaé’uﬁamu ASM Handbook

[15] LRZRUMINNANMUIDUYBITUNATDL (bulk heating) LazANY

o o

JouSUangNIANAT (flash heating) fiaualas Lim and
Ashby [3]
o A A A g A &
Taswasnunltlunmaefeniloavasdunasouilfow i
WHIUANNITDWRBINUTIREANY (frictional heating, ¢) [3]

s o 'Y o
Fdumladanauniin (2)
g=— (2)

P a o a £ a a
I@‘IF_I'YI u 9B FUUTEENTANULRIANY F a8 n1ena

¥ Y
A

v A anusimIlaa uas A, Ao WUNFUNRVDITUNAFAL
WLLWYQ

Y a P
ﬂ'J’lJJSauﬁl’mLLiGLﬁU@]Yl’qumlﬂ’liﬂ (2)

A v o A

X . T -
NIRUNRLANNYW LLAZULWINIZANY (heat distribution coefficient, o )

L’fl/’li‘i%u“n@]ﬁa‘l.lLLUU%H@]LLQZ%%YW]@QULLUUﬁ]’lu

U

danaligmnydl

lasdnaIuTa

=

mm%"auﬁLLwiﬂszmﬂLiﬁﬁ%uﬂﬂaammumu (aq) udzdEIw

mﬁaa:uws’nizmm‘ﬁﬁf,j%umaammumyﬂ (L-a)g) LLﬁﬂﬂugﬂﬁ
6 Iﬂﬂqmﬂgﬁﬁﬁﬁuﬁa (contact temperature, T ) ’fuﬂ;jﬁ‘u amngil
o qﬂﬁﬂamgaﬁuﬁa (local of flash temperature, ') uwazgmngil
(bulk

temperature, 7,) [15] &uM3N (3) UEAIMIMMIBAIAIANRDT

d & { . A o oo, A
L@.ﬁmJawumaa‘uLLuuwﬂﬁs:u:mamﬂmauwaﬂ'mm

FFURE (7))
I.=T,+T, @)

FUMT (4) WAT (5) WRPHFATMIANMWIUAUNNNIAREVBITY
NAROUULLWYA (7;) uszgmngil ab Iafsangeduia (7, f

1 r Yy
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()
sink temperature sink temperature
Pin T, T/ ~T,
e e ---———4//-"# ’
Heat inplt =(1-flg Jim's If
h ttt] _— T,
Disc 41 st
Heat input=cy Jim's

— Y

{ . . A °
UM 6 UNUNWULEAITANAROL pin-on-disc Faldlunmssiuwaim

(n) qmwgﬁmﬁwaa%umaammumgw (bulk temperature,Tb) Wae () qmﬂqﬁ 23 ﬁgﬂﬁﬂaﬂﬁdﬁ&lﬁa (flash temperature,Tf)

MTHN 3 msﬁﬂmmgmﬂgﬁmﬁwm%uwﬂaau (T,) wazgmanil o g@ﬁﬂaﬂgaﬁuﬁa (T,)

Bulk heating [3]

Flash heating [3]

Symbol  Definition (units) Equation/Value Symbol Definition (units) Equation/Value
Rate of heat input per unit area HEFv T Local of flash temperature . .~
q Z put p g=2 ’ P T, =T lraul” fo| =
(Jim’s) : (K) Ty
U Friction coefficient Value for each test T /0 Sink temperature for flash ’ 7,
N _ T4=T,-| = |(T,~T;)
condition heating (K) o
F Normal force on sliding interface (N) 70 r, Radius of an asperity (m) =
(18]
vy =
“ \z-H,
v Sliding velocity (m/s) Value for each test T an equivalent temperature T = aH,
condition for MIM 316L (K) K,
A, Nominal contact area or apparent 0.7 x10° H, Room temperature 0.95 x 10°
contact area (mz) hardness of MIM 316L (Pa)
\1/2 . .
T, Bulk temperature (K) =T+ Z(I_a)q(a/tg) yij Dimensionless parameter B= 5,
K, (z) for bulk heating Ty
T, Sink temperature for bulk heating (K)  Value for each test v Normalised velocity 7= iy
condition a
a Heat distribution coefficient a= 1 T. Contact temperature (K) 15
2+1,-J(v/8ar) I.=T,+T; [15]
l, Equivalent linear diffusion distance 8x10° Tm Melting point of metal (K) 1718.15 [16]
for bulk heating (m)
lf Equivalent linear diffusion distance ~1, @ Jaeger's dimensionless 6= Lh Vry
for flash heating (m) constant (transient, 4 )| ty 2a
a Thermal diffusivity of AISI 316 a= K, t, Heat diffusion time (s) ; i
(m’ls) oC, V=
Ty Radius of pin (m) 55x10° t, Pin/disc interaction time (s) fo= Zﬁ
¢ v
K, Thermal conductivity of AISI 316 14.6 [16] | N Total number of contacting 7, ? .
N=|2] Fa-F)+1
(W/m-K) asperities r,
P Density of AISI 316 (kg/ma) 7470 el | g Normalised pressure on Ij: _ F
sliding interface 4,H,
Cp Specific heat of AISI 316 (J/kg-K) 500 [16]
1 ' £ '
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igualae Lim and Ashby [3] I@Uiﬂu&uﬁumaagmmsﬁwmm
Hienw uazAr@nlsdne g uaadluanTei 3

2
_ ., 2-akla,) @)
Tb - TO + 1/2
K, (z)

A A a 2 AV o o
IG]&IVI TO fa QWMQ&I’Uad‘ﬁ%“ﬂ@ﬁa‘uLL“].IU%H@W]VL@%WTITHTJ@I,
a @ heat distribution coefficient, a @8 thermal diffusivity,
o a £
1, fla pin/disc interaction time W@z K, fa fuUseRNTMI

ANNTO

e

: =Tg+ayT*ﬁ\7[r“J 5)

o

lagf T/ fa sink temperature for flash heating, T"° @8
0

equivalent temperature, g fia  dimensionless parameter for

bulk heating, v fa normalized velocity, 7 fa SadvasTu

NAROULULANA UAL raﬁa SadlvasangInauNE

sun 7 memmé’uﬁuﬁi:v\ﬁaamﬂgﬁuazmmﬁ’amﬂna

U 9
v

VBITUNAFAULLLAYA  MIM 316L (ANUWTU 2%)
' A v A X @ A w
2 km laswud gampiidneg SuwaliuAvduluansundodu

fszeloa

MUANNSINTI0A I@mqnmgﬁmﬁmaa%umaammumg@ﬁvlﬁ
NN (T,) ﬁmgaﬂdquwgﬁﬁvlﬁmnmﬁm (1)
Uszanmh 1-5 °C (Uszanoh 5%) Segeandasnunuisoiiriwanaas
Zhang and Alpas [11] Lﬂ"a’iLﬂswzﬁwanﬁ:ﬂumaaqmmﬁé’utTa
(T.) dewpdnsmuningaseueananndliaiin 3161 wans
maawaa%mmaammwgm MIM 316L (ANAUNTH 2%) fisvne

loa 2 km gniandwmmgunifinduds (7)) Talidnay

U
(4

luz29 140-450°C (0.40-0.607T,) Eﬂ‘f/’i 8 URAIANNTUNWD

S:‘mfwé’mwms'ﬁﬂmaLm:ﬂqmmgﬁﬁ'sﬁuﬁa (T.) Ya3TUNaFaL
WULWYA MIM 316L (AanTu 2%) lasfiarsnnnlSouifisuny
W liUNI80aI789ANNUTINTI T 9ATINTBY AISI 316L [16]
wud lugwenaiimsloags (0620 mis) gun)lifinaudw
(T.) §9%u 220-450°C (0.45-0.607 ) saralsiBunameuuuLmaa
SOUAIMANANITTNUNIANNTEN (thermal softening) lasaau
unTs gmmﬁﬂﬁmmﬁa 2.0 mis (450°C) anasnfianansa
0.2 m/s (140°C) 41NN 20% %adm@iamiﬁ'ﬂa@ga (asperity) V84
%umaammumu%aﬁmmufiag\mdw a:ﬂaaa’l,wf:ai'a@!mao%u
NATOUULLNYA maadauiivhlfiiansla (plowing) Lf:ai'aqﬁ
douua1eInnL dwaliaannsinwialdngs lasanudnues
iauvl,m:’i‘jruagjiﬁ'u*ummaaua@ga nIzna Lm:qmvxgﬁmaﬁu
NAROUULUAYA Tumsnaunulugasnnuiimsloadn (0.2-06
m/s) aMRYANITUAT (T) i 140-220°C (0.40-0457 )
ANWUTIUTY Db 90ATINAANY 4-6% %uﬂﬂaauLLuuW@ﬁaﬂﬂw
goudn  Mnldiuiisudaafindu nande ﬁuﬁagné’mﬂuifu

(surface densification) vilAnuidwdauuazMudasugnng

BNTNANNNA INMSUULFARAR
220°C

(0457 ) meé’mﬂmsﬁﬂma@hqﬂ Wadniniwanna lnms

P = A &
aaas  aanuislaaiadin

FINALRDATINTRNNIEAAAT Imuﬁgmugﬁﬁaé’uﬁa

uuuGaaasd uaziuaallasunn@nsuvesiag

500
* Tc (calculated) B Tf (calculated)
#® Tb (calculated) < TO (measured) - -
400 ey
- -
xS e LA
‘é’ 300 il -
E P e,
UE; L~ e &
CE’- 200 " . =
& - -
L 4 _’JI’ e
100 I e s ks
ST
=
0
0.0 0.4 0.8 1.2 1.6 20
Speed (m/s)

Eﬂ‘ﬁ 7 mmﬁfuﬁufﬁmiwqmﬂqﬁLm:mmﬁnmﬂn KU

%umaammwg@ MIM 316L (ﬂ'JW%JWﬁ;% 2%)

6%10" I ) 0
| 4 wearrate X vyield strength
»

z s5x10" >

3 ®
- o
E -4 x

E 4x10 s 176 E’
@ =
® 4 o 2
5 3x%10 # ¥ ix %
2 o
§ 2%10" * T 150 2

-
“ 1x10 Transition contact temperature
0 ——++ ——— 125
220°c
0 100 200 300 400 500
Contact temperature (UC}
Eﬂﬁ 8 mmé’uﬁ‘ufﬁminé’mﬁmiﬁﬂmaLLazgmﬂqﬁﬁaﬁuﬁa

maa%uwmammu%y@ MIM 316L (ﬂ’ﬂllW?l«L 2%)

4.2 dnBnazasananIwaangAnIsan1sdnuse
MIM  316L

fFawse wudn Aznemsldnuluzisenuisidn 0.2-0.6 mis)

HANTENUTBIANAUNTUDDY fawnAnIsums
@ = I S VR o a
dannfnwIe WIunuUSinmanungs HasangwIwgnIauuu
F oA e & 4 4 a .
uaziufingndauiudu Ui 9 n) lusmefinildnulugisans
< d X cae A
g9 (0620 mis) amnpingawihlinaTensavaszniw
A & A = A &2 a o A . o
vinaiuindnunisuazldfiadnniaifaldine Uil 9 9) dawald
dannfnwIazasTudANUTINMa NN TUgIn I duw iy
TV .
NI ERTUNOANTINNIFNNTOVEY wrought 316L WU
2 AL aa a Y A, A
Fusuntuzdlasds wrought Tlassafsgamedidadfies (@
o L ax - . .
Wik 0%) wazlanuudsganizudiunduglosds MM donali
Tusw  wrought Nanudumuwnsiansadnin MM el

A a %
b El‘l«lavL?.lﬂ']in@]ﬁB‘]JL@] gINh

' ' Yy
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Eﬂﬁ 9 AnwmMITaNdaY GGEWE‘WU NTUNARDL

WULBYA MIM 316L (ANNWTW 2%) fAanuimslos
(n) 0.2 m/s uaz (V) 2.0 m/s

4.3 ﬂaﬁﬂﬁﬁﬁﬂﬁwamaqﬂtﬂﬁﬂunalnn1sﬁnﬂsa
=2 o Adaa a ' a =2 &
mifnmiipfiddninadesadounalnmsinnie andu
dselumilunsesnuuuilasiunisannse wazmavhwganynsld
NuvaITHEINIMNIING9g 16 9nawideves Lim et al [4]
' § & Y
aqkd auldpun1sinwialuagiumzna  (load-dependent
transition) ANusIMsloa (velocity-dependent transition) LLag
szoeloa (distance-dependent transition) luiuaadoiu 3
Wasuuladadniszne anuismsias namlezelos diwa
Waamplifadudmuaowudas  dauu  luowideiialdgungd
Ansudmdudimuann@nssumsfinnsa anguf 8 swnsald
dudayaidasdulumssanuuudusunannalisin 3161 lu
o A A v o =<
ansaematedenilos warliiduuwwamelunistesiunmsannse
Iﬂﬂmuqulﬁqmwﬂﬁﬁ'sﬁuﬁa@hn’hgmﬂﬁmqm%gﬁ (transition
A A o A o
temperature, 220°C) T9a1amasadanlinafiadni g lumsdsu
aﬂqmwgﬁé’m%‘umﬂ*’fﬂ’mﬁmwﬁuga EA% mil,ﬁan‘lﬁ‘a@;gj
FNHFNGIITHANY  wazldimsihenuiaud  wanannu a3
ﬁmmrfl“ﬁmimiaﬁmﬂu‘é'ﬂmaLﬁaﬂﬁﬁslumsa@thn“ﬁﬁaé‘uﬁa
Fnnatiotlasnunmsinrsasuusuudalunisldnulugiennusa
@ ag9lshonn lunsdARenRansandSudsuaniiznsltnn
1 e =3 o I v o & K
W USuaannszne wazanNisanshaadndudasdnitns
a A va '
NANTENUIINNTUHLAR maawa‘t%amwmsﬁnmagﬂﬂﬂ"LaJ

£ o = & a
VUWNUAINLEDILLITVDINWNI

5. d3dua

MIANWYANTTUNTENWIaTEY MIM 316L luansmens
waaufiloaluannzlimmaoin  molditenlanmmesey e
mM3zna 1 MPa anuisimsloa 0.2-2.0 m/s uazszeslaa 2 km
"i'a@gﬁl"ﬁmaammmﬂu 3 ngw fla MIM 316L ANUNTH 2% UAZ
ANWWTL 6% WAT wrought 316L (ANWUWIH 0%) WANTITY
mmma;ﬂ"lﬁﬁaft

1) Iunﬂﬁ"au"lmmsmaau Wn@AnTIMIRNMIaNAILAY
é’aUnavl,ﬂmi'énmmmu%qmau FaAenniassfuanenoin
%uagjﬁ'u TEAUVBINOANTINNITUBLAAVDIRITUNE URZNANIZND
NNURATRITUAE

2) wq?msswnaai’a@;’lumamwL%nmi"l,na@ﬁ'w (0.2-0.6 m/s)
Qnmugﬂmmzmumnﬂﬁ'ﬂugﬂmasmmmLﬁauﬁqmwgﬁﬁw

(1. <220°C) mifnnsagnadugulasnalnnisinuiauuuuuydo

o

mlﬁé’mwms%ﬂmaga atn9 LAy SEALUBINMIUBLAAILANGS

!
A

Waanudimslaaiuin ssualdsannsinnsoanas

3) wndnisuvasinglutuenuimsloags  (0.6-2.0 mis)
gnmuquimns:mumnﬂﬁwgﬂmaimnLLsaLﬁauﬁqmuQﬁfga
(1. >220°C) faNAlAIRg8aUMIAINNHANIZNINIANNTDL
Usznauniunnfinwiagnalugudasnalnnsdnwiauuudag #wa
TWsanmsanusaLindu

o o a

4) NgunplIFUEE (7 =220°C) waadgaldougmngl

U

o

v aad a a = a 9
Yﬂl‘ﬂﬁNU@]W%NQLLﬂzWQ(ﬂﬂii&lﬂqﬁﬁﬂ‘ﬂﬁaLﬂaU%LLﬂaﬂ dsznauny

a

snswaannalnnsuuudefisass  semalisanmydnnsaien
ﬁwq@

5) WANITNUVDIANNNTUAANITENNIE WUl MIM 316L
ATMUNTY 2% HANNEUMUMIANnHIBAnI MIM 316L AW
Wik 6% dwiumildnuludisanudags Tupmeinisldam
TS ﬂ'%mmmmwwﬁlLmﬂ@mﬁ‘u"l,ajdawalﬁa”mw
MIFNATOUANGINT

6) wrought 316L Aeudumunsinnsadnin MIM 316L
\flosan wrought ﬁimaa%ﬂdqamﬂﬁ@imﬁaaLLazﬁmmLL*"ﬁaganiw

MIM

naanssndsznie
anzidvvaveuam  anansd wluuns desfidnide
& & a o ' P
sugdlavens gudmalulablanzuszizguiond (dunea) luns
siuaywiayaussiunasay MIM 316L S1ununadnuaiuamm

MN3338 (8N7.) WAZEIHNNBAKENITUMIILUAITE (23.)
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